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CTL Fail to Accumulate at Sites of HIV-1 Replication in 
Lymphoid Tissue 1 ' 2 

Elizabeth Connick, 3 * Teresa Mattila, f Joy M. Folkvord,* Rick Schlichtemeier,* 
Amie L. Meditz,* M. Graham Ray,* Martin D. McCarter,* Samantha MaWhinney, § 
Aaron Hage, 1 ^ Cara White, 1 ^ and Pamela J. Skinned 

The inability of HIV-1 -specific CTL to fully suppress virus replication as well as the failure of administration of exogenous CTL 
to lower viral loads are not understood. To evaluate the hypothesis that these phenomena are due to a failure of CTL to localize 
at sites of HIV-1 replication, we assessed the distribution of HIV-1 RNA and HIV-l-specific CTL identified by HIV-1 peptide/HLA 
class I tetrameric complexes (tetramers) within lymph nodes of 14 HIV-1-infected individuals who were not receiving antiretro- 
viral therapy. A median of 0.04% of follicular compared with 0.001 % of extrafollicular CD4 + cells were estimated to be producing 
HIV-1 RNA, a 40-fold difference (p = 0.0001). Tetramer-stained cells were detected by flow cytometry in disaggregated lymph 
node cells from 11 subjects and constituted a significantly higher fraction of CD8 + cells in lymph node (mean, 2.15%) than in 
PBMC (mean, 1.52%; p = 0.02). In situ tetramer staining in three subjects' lymph nodes, in which high frequencies of tetramer- 
stained cells were detected, revealed that tetramer-stained cells were primarily concentrated in extrafollicular regions of lymph 
node and were largely absent within lymphoid follicles. These data confirm that HIV-l-specific CTL are abundant within lym- 
phoid tissues, but fail to accumulate within lymphoid follicles where HIV-1 replication is concentrated, suggesting that lymphoid 
follicles may be immune-privileged sites. Mechanisms underlying the exclusion of CTL from lymphoid follicles as well as the role 
of lymphoid follicles in perpetuating other chronic pathogens merit further investigation. The Journal of Immunology, 2007, 178: 
6975-6983. 



Human immunodeficiency virus- 1 -specific CD8 + CTL 
are thought to play a critical role in controlling HIV-1 
replication in vivo. The appearance of HIV-l-specific 
CTL during acule IT IV - 1 inlet-lion coincides wiih declines in vire- 
mia (1-3). suggesting that ( TL may he critical determinants of the 
initial control of virus replication. Removal of CD8 + cells from 
SlV-infected macaques leads to increased plasma viremia, further 
supporting the hypothesis that CTL suppress HIV-1 replication (4, 
5). The CTL response to HIV-1 is unique because in some cases 
virus-specific cytolysis is detectable in PBMC in the absence of in 
vitro stimulation (6, 7), a phenomenon that has not been frequently 
reported in other chronic viral infections. Furthermore, high fre- 
quencies of HIV-1 -specific CD8 + T cells have been detected in 
PBMC from both acutely and chronically infected individuals us- 
ing HLA class I tetrameric complexes loaded with HIV-1 epitopic 
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peptides (tetramers) (8-10). Nevertheless, despite evidence that 
HIV-l-specific CTL are abundant and capable of cytolytic func- 
tion, they are unable to fully suppress viral replication in vivo 
resulting in the progressive depletion of CD4 + T cells and, ulti- 
mately, death in untreated individuals. Quite perplexingly as well, 
in multiple studies the administration of exogenous CTL has failed 
to result in significant decreases in plasma HIV-1 RNA concen- 
trations (1 1-14). It is not clear why CTL are unable to control HIV 
infection. 

The majority of HIV-1 replication occurs in CD4 + T cells in 
lymphoid tissues (15, 16). HIV-1 replication is not evenly distrib- 
uted within lymphoid tissues, but is concentrated within lymphoid 
follicles where CD4 + cells constitute a minority of cells (17-19). 
We previously reported that a CD4 + cell within a lymphoid fol- 
licle was on average 31-fold more likely to be productively in- 
fected compared with a CD4 + cell in the extrafollicular region of 
lymph node (17). We also demonstrated that multiple antiretroviral 
effector proteins as well as CD8 + cells are relatively deficient 
within lymphoid follicles compared with extrafollicular regions of 
lymph node (17), suggesting that lymphoid follicles may be rela- 
tively immune-privileged sites. The existence of an immune-priv- 
ileged site in lymphoid tissue where HIV-l-specific CTL do not 
circulate could potentially explain both the inability of endogenous 
CTL to fully suppress HIV-1 replication as well as the failure of 
exogenous CTL to decrease viral load. To date, however, the dis- 
tribution of HIV-l-specific CTL within lymphoid tissues has not 
been determined, despite their hypothesized importance in control- 
ling HIV-1 replication. The purpose of the present study was to 
evaluate the magnitude and distribution within lymphoid tissue of 
HIV-l-specific CTL. We hypothesized that HIV-l-specific CTL 
would be primarily concentrated in the extrafollicular regions of 
lymphoid tissues and not in lymphoid follicles where HIV-1 rep- 
lication is most strongly concentrated. 
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Materials and Methods 

Human subjects 

HIV 1 -infected individuals who were not receiving antiretroviral therapy 
were recruited to donate inguinal l> mph nodes. None of these subjec ts had 
an active opportunistic infection or malignancy or a sexually transmitted 
disease other than I1IV-1. Informed consent was obtained from all partic- 
ipants in accordance with the Colorado Multiple Institutional Review 

C 'Unit -a! specimens 

Inguinal lymph node excisional biopsies were performed under local an- 
esthesia ;il the I niversity of Colorado Hospital as previously described 
(20). To efficiently identify eligible subjects, before lymph node excision, 
all subjects u ere screened for I II. A types for which HIV-1 epi tope-specific 
tetramers were available using Abs directed against A2, A3, B7, and B8 
(One Lambda). Of note, according to the manufacturer, the B7 Ab also 
delects individuals villi III. A 1127 and 1142. Only individuals whose cells 
stained positively with one of these HI.A Abs were included in the present 
study. One portion of the lymph node was placed in RPMI 1640 with 
sodium heparin (18.7 L7ml) and shipped overnight to the laboratory of Dr. 
P. Skinner. A second portion of the lymph node was snap-frozen in OCT 
compound (VWR) and stored at -70°C. A third portion of lymph node was 
minced in PBS (Invitrogen Life Technologies) to obtain a single-cell sus- 
pension and was either used directly in phenotypic or functional assays or 
was cryopreserved for filer studies. Peripheral blood specimens were ob- 
tained on the same date and used to determine CD4 + T cell counts by flow 
cytometry and plasma HIV-1 RNA concentration (HIV-1 Monitor Assay; 
Roche I )iagnostics |. PBM< ' w ere isolated as well for tetramer staining and 
functional assays. Subsequent to lymph node excision, all subjects had 
class I HI -A typing performed at the I 'niversity of Colorado Hospital I II. A 
Typing Laboratory using standard molecular techniques. 

In situ hybridization for HIV-1 RNA and immunohistochernical 
staining for CD20 in lymph nodes 

In situ hybridization for HIV-1 RNA was performed on 6-u,m tissue sec- 
tions using digoxigenin-labeled antisense riboprobes for env, gag, and nef, 
w hich were detected using NBd'/5-broiiio-4-chloro-3-indoly I phosphate as 
previously described (17. 20). This technique identifies cells that are ac- 
tively transcribing HIV-1, but not extracellular v irions encapsulated in en- 
velope glycoprotein. As a negative control, sections from a subset of sub- 
jects were hybridized with digoxigenin-labeled sense probes for env, gag, 
and net using the same procedure. Immunohistochemical double staining 
for the B cell marker CD20 was performed as previously described (17) to 
morphologically identify lymphoid follicles. For each subject, in situ hy- 
bridization for HIV-1 RNA and double staining for anti-CD20 was per- 
formed in a minimum of three tissue sections, each between 12 and 60 jam 
apart. The number of virus-producing cells within and outside of lymphoid 
follicles, defined by anti-CD20 staining, was determined by visual inspec- 
tion and manually counting the posiliv ely -uained i ells on each section. The 
area of follicular and extrafollicular lymph node tissue was determined by 
quantitative image analysis using a computerized image analysis system 
(Leica Q5001W Image Analysis). The total number of virus-producing 
cells in follicular and extrafollicular regions was dtv ided by the total area 
of the follicular or extrafollicular tissue, respectively, to determine the 
frequency of v irus-producing cells per mm* of follicular and extrafollicular 
tissue, as prev iously described (17). The total tissue area evaluated per 
subject ranged from 53 to 565 mm 2 , with a median value of 186 mm 2 . 

Estimation of frequencies of virus-producing CIH ' cells within 
lymphoid tissue 

frequencies of CD-I cells vv ithm lymphoid tissue were estimated by eval- 
uating for each subject three full cross-sections of lymph node, each 60- 
180 /Am apart, that were double stained for CD4 and CD20 as we have 
previously described (17). Ten randomly selected fields, each 0.74 mm 2 , 
were evaluated on each tissue section. I sing quantitativ e image analysis, 
the area of the follicular and extrafollicular regions was determined as well 
as the area of each of these regions that stained positively for CD4. The 
average area of a CD4 + staining cell was determined by measuring the 
length and width of 10 positively stained cells on each section and using 
the formula for the area of an ellipse: r; X (mean lenglh/2) X (mean 
width/2). The percentage of the tissue area that stained positively for CD4 
was divided by the average area of a CD4 + cell to estimate the number of 
CD4 + cells per mm 2 . Frequencies of CD4 + cells that were producing 
HIV-1 RNA were calculated by dividing the frequency of HIV-1 RNA- 
producing cells per mm 2 by the estimated number of CD4 + cells per mm 2 . 



Table I. HIV-1 CD8 + T cell epitopes evaluated by tetramer staining 



HLA Amino Acid 

Restriction Epitope Location Sequence Abbreviation 



HLA-A*0201 


HIV.pl 7.77- 85 


SLYNTVATL 


A2 


g°g 


HLA-A*0201 


HIV.rt.476-484 


ILKEPVHGV 


A 2 




HLA-A3 


HIV.pl7.18-26 


KIRLRPGGK 


A3 


gag 


HLA-A3 


HIV.«e/.71-80 


QVPLRPMTYK 


A3 


nef 


HLA-B7 


HIV.nef.128-137 


TPGPGVRYPL 


B7 


ncj 


HLA-B8 


HrV.p24.259 -267 


EIYKRWII 


158 gag 


HLA-B8 


HIV.«e/.89-97 


FLKEKGGL 


158 


nef 



l'etramei Uainii >J ' l'BM< i it ' i\mph node cells 

PBMC and disaggregated lymph node cells were stained with selected 
tetramers loaded with CD8 + T cell HIV-1 epitopic peptides (Table I) that 
matched subjects' HLA class I molecules. Tetramers were selected for 
analysis based upon prior reports in the literature (21-25) as well as un- 
published experience within our laboratories that suggested there was a 
high likelihood for HIV- 1-infected individuals to harbor such cells. Tet- 
ramers were obtained from lire National Institute ol .Allergy and Infectious 
Diseases (NI vll)) felrainer facility (Iunory I niversily. Atlanta. OA), ex- 
cept for those restricted by HLA-A*0201. which were purchased from 
licckman Coulter. PBMC were stained with PE- or allophycocyan in-la- 
beled tetramer reagent for 30 min at room temperature with FITC-labeled 
anti-CD3 Ab and either PE- or allophycocyanin-labeled CD8 Ab (Beck- 
man Coulter) followed by two washes. All samples were analyzed on a 
FACSCalibur (BD Biosciences) with CellQuest software. Results were ex- 
pressed as the percentage ol tetramer-stained sells in the ( 'D8 population. 
Approximately 100,000 gated events were acquired in each analysis. Re- 
side- were considered positive for tetramer-stained ceils if the fraction ol 
tetramer-stained cells that coexpressed CD 8 was >0.1% of CD8 + cells and 
a distinct population of cells, characteristic of tetramer -laming ( 10). was 
observed. 

In situ tetramer staining 

In situ tetramer staining was performed on fresh lymph node specimens 
shipped overnight and stained as previously described (26). Biotinylated 
HLA A2 gag, A2 pol, or an irrelevant melanoma (ELAGIGILT V ) peptides 
were synthesized at Beckman Coulter Immunomics. Biotinylated HLA A3 
gag, A3 nef, B8 gag, B8 nef, and B7 nef tetramers were produced at the 
NIAID Tetramer Facility. HI.A/peptide tetramers were produced by adding 
six aliquots of FITC-labeled ExtraAvidin (Sigma-Aldrich) to biotinylated 
HLA//3 2 -microglobulin/peptide monomers over the course of 8 h to a final 
molar ratio of 4.5:1. Fresh lymph node tissues were cut into 0.5-cm pieces 
and embedded in 4% low melt agarose. Tissue blocks were placed in a 
vibratome bath containing 0-2°C PBS supplemented with heparin (100 
/xg/ml; Sigma-Aldrich) (PBS-H). 4 and 200- /cm thick sections were gener- 
ated. Fresh sections were stained free floating in 1 ml of solution with one 
to four sections per w ell in 24-vvell tissue culture plates. Incubations w ere 
conducted at 4°C on a rocking platform. I'etramers ar a concentration of 0.5 
/xg/ml with 2% normal goat serum (NGS) and 0.5 /xg/ml mouse anti- 
human ( D8 Abs (DakoCytomalion; clone DK25) or anti-human CD20 
Abs (Nova Costra; clone L26) were diluted in PBS-H and incubated over- 
night. Sections were washed with chilled PBS-H and then fixed with 
freshly- made 4". paraformaldehyde for 2 h at room temperature. Sections 
were again washed with PBS-H and then incubated with rabbit anti-FITC 
Abs (BioDesign) diluted 1/10,000 in PBS-H with 2% NGS and incubated 
1-3 days. Sections were washed three times with PBS-H for at least 20 min 
and then incubated with Cy3-conjugated goat anti-rabbit Abs and Alexa 
488-coiijueatcd coal anti-mouse Abs (Jackson IniiiiiinoResearch Labora- 
tories) both diluted 1/1,000 in PBS-H with 2% NGS for 1-3 days. Finally, 
sections were washed three times for at least 20 min in PBS-H, postfixed 
with 4"c paraformaldehyde for 1 h, and then mounted on slides with 
w armed glycerol gelalin (Sigma-Aldrich i c< mlaining 4 ing/ml //-propyl gal- 
late (l'luka). Stained sections were analyzed using a Bio-Rad lOOOconfocal 
microscope, file individual who analyzed in situ tetramer-stained speci- 
mens was blinded to the results of tetramer staining on PBMC and disag- 
gregated lymph node cells. 



4 Abbreviations used in this paper: PBS-H, PBS supplemented with heparin; NGS, 
normal goat serum; B-LCL, B-lymphoblastoid cell line: CI. confidence interval: 
KSHV, Kaposi's sarcoma herpes virus. 
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fable II. Ihmof-ni/ihii imJ < linicul < hanu n-rhlii \ of sliuly subjects 



HLA A 



J i; Allele 



Male 

F vmale 
Female 

Male 
Male 

Female 

Female 

Female 



A0301, 1101 
A0301, 2902 
A0201, - 
A0201, - 
A0201, - 
A0201, 0301 
A2402, 2902 
A0101, 0206 
A0201, 0205 
A3101, 3201 
A0301, 6601 
A0201, 3002 
A2301, 2601 
A0201, 0301 



B0702. 3501 
B1402, 4501 
B0702, 1524 
B2705, 5101 
B2705, 5101 
B1402, 3906 
B0801, 5801 
B0801, 3906 
B1501, 5301 
B1501, 3801 
B0702, 5802 
B1801, 3901 
B0801, 5802 
B2705, 4101 



Assays for HIV- 1 -specific cylolylic activity 

Freshly isolated lymph node cells and PBMC were assayed for HIV-1- 
specific cytolytic activity in 51 Cr release assays as we have previously 
described ill. using as large! cells autologous B-ly mphoblasloid cell lines 
(B-LCL) pulsed with HIV-1 CD8 + T cell epitopic peptides. B-LCL were 
established by EBV transformation of PBMC (7). For selected subjects 
know n to harbor letramer-stained cells before lymph node excision. B-LCL 
were labeled with 51 Cr and incubated for 1 h with the appropriate HIV-1 
epitopic peptide (100 /u,g/ml) (Table I) synthesized by Multiple Peptide 
Systems. As a control for A2-reslricted peptides, 51 Cr-labeled B-LCL were 
incubated with the irrelevant A2-restt acted melanoma peptide. For IIIV-I 
peptides restricted by other HLA molecules. 51 Cr-labeled B-LCL alone 
were tised as a control. Freshly isolated lymph node cells or PBMC were 
incubated for 6 h with HIV-1 peptide-pulsed 51 Cr-labeled B-LCL or con- 
trol B-LCL, at E:T cell ratios of 200:1 (if sufficient cells were available). 
100:1, 50:1, and 25:1. Maximum 51 Cr release was determined by detergent 
lysis of target cells with 5% Triton X-100 and spontaneous release was 
determined by incubating target cells in the absence of effector cells. Su- 
pernatants (0.05 ml) were harvested and the number of cpm was deter- 
mined on a 7 counter (Beckman Instruments). Percent cytotoxicity for 
peptide-pulsed B-LCL and control B-LCL was determined as: (mean ob- 
served cpm — mean spontaneous cpm)/(mean maximum cpm — mean 
spontaneous cpm) (2). The letramer stained cell-to-target cell ratio v. as 
determined by multiplying the FT cell ratio by the percentage of lymph 
node cells or PBMC that stained with tetramers as determined by flow 
cytometry. 

Statistical analysis 

All statistical analyses assumed a two-sided significance lewd of 0.05. 
Analyses were conducted using SAS (SAS Institute) and Splus (Insightful 
Corporation! software. Reported mean values for frequencies ol HIV-1 
RNA-producing cells per mm 2 by lymph node region were obtained using 
Poisson regression with generalized estimating equations accounting lot 
within-subject correlation. For this regression, the count of HIV-1 RNA- 
producing cells within the lymph node region was the dependent variable 
with the corresponding log,, area included as an offset. Tetramer analyses 
used generalized least squares regression to account for w ithin-subject cor- 
relations. Before analysis, data were plotted to ascertain normality. Corre- 
lations were conducted using Spearman p. 

Results 

Demographic and clinical characteristics of study subjects 
Fourteen HIV-1 -infected individuals screened positively with Abs 
directed at selected HLA molecules and were included in this 
study. Demographic and clinical characteristics of these individu- 
als as well as their HLA A and B alleles as determined by molecular 
HLA typing are shown in Table II. Subject 64 was recruited 4 mo 
after documented primary HIV-1 infection. All other subjects had 
been infected for more than 1 year. None were receiving antiret- 



roviral therapy at the time of the lymph node excision and the 
majority were antiretroviral therapy naive. Five subjects had 
received some form of antiretroviral therapy in the past, but had 
discontinued therapy a median of 2 years (range, 8 mo to 5 
years) before lymph node excision. The median CD4 + T cell 
count was 467 cells/mm 3 and the median plasma HIV-1 RNA 
concentration was 4.01 log 10 copies/ml. None of the subjects 
had a history of an opportunistic infection or a CD4 + T cell 
nadir below 250 cells/mm 3 . 

Frequencies of HIV-1 RNA-producing cells detected 
in lymph node 

To characterize the distribution of HIV-1-producing cells within 
lymphoid tissue, we performed in situ hybridization on frozen 
lymph node sections using antisense riboprobes for em: gay, and 
nef. Frequencies of 1 11V-I RNA-producing cells per mm 2 lymph 
node tissue ranged from 0.05 to 0.52 with a median of 0.21. Con- 
trol sections treated with sense probes were uniformly negative. 
Frequencies of HIV-1 RNA-producing cells within lymph node 
correlated with plasma HIV-1 RNA concentration (Spearman p = 
0.59; p = 0.035), suggesting that these cells are representative of 
the major virus-producing cells in the body. A median of 17% 
(range, 3-50%) of subjects' lymph node tissue consisted of lym- 
phoid follicles, defined morphologically by anti-CI)2() staining 
(17). A median of 60% (range, 29-87%) of HIV-1 RNA-produc- 
ing cells as determined by in situ hybridization were located within 
lymphoid follicles. Frequencies of HIV-1 RNA-producing cells 
per mm 2 tissue were uniformly higher within lymphoid follicles 
compared with extrafollicular regions, as previously reported by 
our group (17). A mean of 0.69 (95% confidence interval (CI): 
0.55, 0.87) HIV-1 RNA-producing cells per mm 2 tissue were de- 
tected within lymphoid follicles compared with 0.09 (95% CI: 
0.05, 0.16) cells per mm 2 in extrafollicular regions of lymph node 
(p < 0.0001). 

The number of CD4 + cells per mm 2 lymph node tissue was 
calculated based upon immunohistochemical staining and esti- 
mates in each subject of the average area of a CD4 + staining cell 
(Table III). The median density of CD4 + cells in follicular regions 
was 21% (range. 15-50 r /< i of thai in extrafollicular regions of lym- 
phoid tissue, and is consistent with the known anatomy of lymph 
nodes as well as previous reports from our laboratory (17). Based 
on prior observations that the vast majority of HIV-1 -producing 
cells in lymphoid tissues in vivo are CD4 + cells (15, 16. 27), the 
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table III. / slimaicd densities ol (1)4 < ells and frequeiu ies of 
HIV -1 -producing CD4 + cells in lymph nodes of HIV-1 -infected 
snhjet Is ordered by ascending plasma viral load 



Table IV. Tetramer staining of PBMC, disa 
< ells, and Ixtnph node sections 0 



Estimated Numl 



4,408 
10,304 
5,178 
8,085 
3,999 
3,822 
5,997 



3,685 16,310 



9.822 

6,333 
6,995 



4,973 
11,602 

6,468 
10,019 

5,052 
4,575 
7,173 



0 6 CD4 + cells was deter- 



er of HIV-1-producing (T)4 T cells r 
ing the frequency of HIV-1 -producing cells per m 
tu hybridization by the estimated number of CD4" 
ces between follicular and est ai. 1 1 icular tissues we 



frequency of HIV-1 -producing CD4 + cells in follicular and ex- 
trafollicular regions of lymph node was estimated for each subject 
by combining the results from in situ hybridization for HIV-1 
RNA with the results from the CD4 + cell quantification (Table 
III). A median of 30 per 10 s or 0.003% of lymph node CD4 + cells 
were estimated to be producing HIV-1 RNA. Frequencies of in- 
fected CD4 + cells were ~40 times higher in lymphoid follicles 
(median, 0.04% of CD4 + cells) than in extrafollicular regions (me- 
dian, 0.001% of CD4 + cells; p = 0.0001). 

Tetramer staining of PBMC and disaggregated lymph node cells 
To characterize HIV-l-specific CTL in PBMC and disaggregated 
lymph node cells, flow cytometric assays were performed using 7 
HIV-1 tetramers restricted by four different HLA molecules. A 
total of 37 tetramer-staining assays were performed on paired 
PBMC and disaggregated lymph node cells in the 14 subjects re- 
cruited to this study (Table IV). Tetramer-stained cells were de- 
tected in 15 PBMC assays and 16 disaggregated lymph node cell 
assays, and these were concordant in terms of the presence or 
absence of tetramer-stained cells in all instances in which results 
were available for both compartments. Tetramer-stained cells were 
detected by all tetramers used except for the A3 gag tetramer. 
Telramer-slaincd cells were detected by the A3 gag tetramer and 
confirmed in functional assays in a patient not included in the 
present study (data not shown), demonstrating that the tetramer 
was not defective. Neither plasma HIV-1 RNA concentration nor 
frequencies of HIV-1 RNA-producing cells in lymph node were a 
significant predictor of percentage of lymph node tetramer-stained 
cells (p = 0.84 and p = 0.31, respectively). The mean percentage 
of lymph node CD8 + cells that stained positively with tetramers 
was 2.15% (95% CI: 1.20, 3.10) and was significantly higher than 
that in PBMC (mean, 1.52%; 95% CI: 0.54, 2.50) with a mean 
difference of 0.70%- (95% CI: 0.16, 1.23; p = 0.02). 







% Tetramer" 


7CD8+ Cells 




Subject 








In Situ Tetramer 


ID 


Epitope 


PBMC 


1 .vrnph node 


Staining 


32 


A3/gag 


Negative 


Negative 


Negative 




A3 /lief 


Negative 


Negative 


nd 




Bllnef 


nd* 


0.2 


Negative 


61 


Kilgag 




Xesativv 






P3lnef 


Negative 


Negative 


Negative 


62 


Allgag 


4.1 


5.3 


Positive 




A2/pol 


Negative 


Negative 


Negative 


64 


Allgag 


2.7 


4.8 


Positive 




Allpol 


Negative 


Negative 


Negative 


67 


Allgag 


Negative 


Negative 


Negative 




Allpol 


Negative 


Negative 


Negative 




Bllnef 


0.4 


1.9 


Positive 


79 


Al/gag 


0.4 


1.2 


Positive 




Allpol 


0.1 


0.4 


nd 




A3/gag 


Negative 


Negative 


Negative 




Ailnef 


Negative 


Negative 


Negative 


80 


BS/gag 


0.4 


1.4 


nd 




B8/nef 


Negative 


Negative 


Negative 


81 


Bllnef c 


iNcgaln e 


Negative 






BS/gag 


0.8 


1.0 


Positive 




BS/nef 


1.9 


3.2 


Positive 


82 


Allgag 


Negative 


Negatn e 


Negative 




Allpol 


0.4 


0.8 


Negative 


84 


Bllnef 


Negatn e 


Negative 


Negative 


86 


AJ/gag 


Negative 


Negative 


Negative 




A3/nef 


2.6 


3.6 


nd 




Bllnef 


1.0 


2.1 


Positive 


87 


Allgag 




Negative 


Negative 




Allpol 


Negative 


Negative 


Negative 


90 




Negative 


Negative 






B&lgag 


0.7 


0.7 


nd 






7.0 


5.1 




92 


Al/gag 










Allpol 










AM gag 


Negative 


Negative 


Negative 




AVnef 


0.1 


0.2 


nd 




Bllnef 


Negative 


Negative 


Negative 


" Positive 




highlighted in bo 


Id type. 




b nd indie; 






lue to insuffici, 




cells, or shipping problems. 








' Subject \ 


■ is tested lor 


B7A/ t >/-speciiic 






B7 Ab were 


positive, but HLA B7 was not 


confirmed on 


molecular HLA typing 



In s 



i lei ramer staining of lymph nodes 



To determine the spatial localization of HIV-l-specific CD8 + T 
cells in lymph nodes of HIV-1 -infected subjects, in situ tetramer 
staining was performed on fresh lymph node sections. HIV-1-spe- 
cific cells were detected within intact lymph node specimens by in 
situ tetramer staining in 7 of 13 subjects analyzed (Table IV). In 
situ tetramer-stained sections that were counterstained with CD8 
Abs showed that most tetramer-stained cells coexpressed CD8 
(Fig. 1, A-C). Negative controls for the in situ tctiamct staining 
included sections stained with tetramers loaded with irrelevant 
peptides and HLA-mismatched patient tissue stained with tetram- 
ers loaded with HIV peptides, and results were similar to that seen 
in tissues from patients that did not show detectable tetramer stain- 
ing (Fig. 1, D-F). Positive results from in situ tetramer staining 
were confirmed in all instances by tetramer staining of disaggre- 
gated lymph node cells (Table IV). In three instances, tetramer- 
stained cells were detected in disaggregated lymph node cells, but 
in situ studies did not demonstrate tetramer staining above back- 
ground levels. The percentages of tetramer-stained cells in these 
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three cases were <1% of CD8 + cells, suggesting that in situ tet- 
ramer staining is less sensitive than flow cytometric analysis of 
disaggregated lymph node cells. 

To characterize the distribution of HIV-1-specific CTL within 
and outside of lymphoid follicles, double staining with anti-CD20 
Abs and tetramers was performed. Tissues from three subjects 
showed abundant tetramer-stained cells as well as multiple folli- 
cles within stained tissue sections and were used for this analysis. 
Subjects 62 and 64 harbored tetramer-stained cells against an HLA 
A*0201 -restricted gag epitope, whereas subject 81 harbored tet- 
ramer-stained cells against an HLA B8-restricted nef epitope. Sub- 
stantially, fewer tetramer-stained cells were localized inside folli- 
cles compared with extrafollicular regions in lymph node sections 
from these subjects (Fig. 2). Many follicles were almost entirely 
devoid of any tetramer-stained cells (Fig. 2, A-Q. In follicles that 
showed some tetramer-stained cells, the tetramer-stained cells fre- 



quently localized near one edge of the follicle with the remaining 
areas of the follicle devoid of tetramer-stained cells (lag. 2. l)—i). 

HIV-1 epitope-specific cytolytic activity mediated by 
tetramer-stained cells 

To evaluate the cytolytic function of tetramer-stained cells, HIV-1 
epitope-specific cytotoxicity was assessed in 51 Cr release assays 
using PBMC and disaggregated lymph node cells and autologous 
B-LCL pulsed with HIV-1 peptides (Fig. 3). These assays were 
performed in three subjects known to harbor tetramer stained cells 
and for whom autologous B-LCL were available at the time of 
lymph node excision. Subjects 62 and 64 both had tetramer-stained 
cells directed against the A2 gag epitope, and subject 67 had tet- 
ramer-stained cells directed against the B7-restricted nef epitope 
(Table IV). Controls for these assays consisted of autologous B- 
LCL pulsed with an irrelevant A2 -restricted melanoma peptide for 



FIGURE 2. HLA class I tetramer 
(red; left panels) and CD20 (green; 
middle panels') staining and merged 
images {right panels) in representa- 
tive lymph node sections from three 
HIV-l-infected individuals. Lym- 
phoid follicles, defined morphologi- 
cally by CD20 staining, are outlined 
in white. Lymph node sections from 
subject 64 (A-Q and subject 62 
(D-F) were stained with A2 gag tet- 
ramer and lymph node sections from 
subject 81 (G-I) were stained with B8 
nef tetramer. Lymph node sections 
from each subject showed markedly 
fewer tetramer-stained cells localized 
within follicles compared with ex- 
trafollicular regions. Images are con- 
focal Z-scans collected using a X 10 
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FIGURE 3. Cytolysis mediated by PBMC (triangles) and lymph node 
cells (.squares) against IMA 'I. pulsed with cpilopic peptides (closed sym- 
bols) or controls (open symbols) from three HIV-l-infected subjects. 
PBMC and lymph node cells from subjects 62 (A) and 64 (B) demonstrated 
concentration-dependent cytolysis against autologous B-I.C'I. pulsed with 
an A2-rcslricled gag peptide compared with autologous B-I.CL pulsed 
with an irrelevant peptide. Neither PBMC nor lymph node cells from sub- 
ject f,7 (( ') demonstrated cytolysis against a B7-resti acted w/' peptide com- 
pared with autologous B-LCL alone, although tetramer-to-target cell ratios 
tested were much lower in this subject than in the previous two subjects. 



the A2 gag assays, or B-LCL alone for the B7 nef assays. As 
shown in Fig. 3, A and B, concentration-dependent cytolytic ac- 
tivity was mediated by the PBMC and lymph node cells of both 
subjects 62 and 64 against autologous B-LCL pulsed with the HIV 
gag peptide at tetramer-to-target cell ratios between 1:1 and 2:1, 
but not against autologous B-LCL pulsed with an irrelevant mel- 
anoma peptide. Subject 67 (Fig. 3C) did not demonstrate any sig- 
nificant cytolysis of either HIV-1 pepti de-pulsed target cells or 
control cells. However, in subject 67 the tetramer-stained cell-to- 
target cell ratios were all <1:1, and therefore too low to determine 
whether these cells were capable of mediating cytolytic activity 
comparable to the tetramer-stained cells of the other two subjects. 
Importantly, in vitro studies of HIV-1 -specific CTL clones usually 
use substantially higher E:T cell ratios, often as much as 10:1 or 
20:1 to detect cytolytic activity (2, 28). Thus, cytolytic activity was 
detected in lymph node cells at low E:T cell ratios in the present 
study and there was no evidence of gross cytolytic dysfunction. 



The inability of HIV-1-specific CTL to fully suppress virus repli- 
cation as well as the failure of administration of exogenous CTL to 
produce declines in plasma viral load have never been adequately 
explained. We evaluated the magnitude and distribution of HIV- 
1 -specific CTL detected by tetramers within lymph nodes of un- 
treated, chronically HIV-l-infected individuals to assess the hy- 
pothesis that HIV-1-specific CTL fail to localize at sites of virus 
replication, which could explain these perplexing findings. The 
present study confirms previous observations that HIV-1 replica- 
tion is concentrated primarily within lymphoid follicles (17-19, 
29, 30) and provides the first estimates of the percentage of CD4 + 
cells that are productively infected within these two compartments. 
Tetramer-stained cells were abundant, constituting >5% of lymph 
node CD8 + cells in some cases, and were a significantly larger 
fraction of lymph node than PBMC CD8 + cells. In situ analyses 
revealed that tetramer-stained cells failed to accumulate within 
lymphoid follicles where virus replication was concentrated, but 
were located primarily in the extrafollicular regions of lymph 
node. These findings confirm and extend our previous observations 
that multiple antiretroviral effector proteins are relatively deficient 
within lymphoid follicles compared with extrafollicular regions of 
lymph node (17) and lend credence to the hypothesis that a defi- 
ciency in immune responses in lymphoid follicles promotes virus 
replication at those sites. 

Between 0.0005 and 0.01% of lymph node CD4 + cells were 
estimated to be productively infected in the present study. These 
estimates were based upon prior observations that the vast majority 
of productively infected cells within lymphoid tissues during 
asymptomatic HIV-1 infection are CD4 + cells (27) and arc similar 
to estimates previously reported in the literature for individuals at 
this stage of disease (31, 32). A median of 0.04% of follicular 
CD4 + cells were estimated to harbor HIV-1 RNA, ~40-fold more 
than the percentage of HIV-1 RNA-producing CD4 + cells in ex- 
trafollicular tissues. To our knowledge, this is the first study to 
quantify the percentage of productively infected CD4 + cells 
within lymphoid tissue subcompartments and further strengthens 
the observation that HIV-1 replication is concentrated primarily 
within lymphoid follicles of lymphoid tissues (17-19, 29, 30). A 
previous study found that 59% of the HIV-1 RNA-producing cells 
in lymphoid tissues in early stages of HIV-1 infection express 
HLA-DR and 43% express Ki67 (33), which are markers of cel- 
lular activation and proliferation, respectively. The phenotype of 
follicular CD4 + cells that are replicating HIV-1 has never been 
reported. It is probable, however, that a significant fraction of pro- 
ductively infected follicular CD4 + cells express Ki67 and HLA- 
DR, because the majority of HIV-1 -producing cells are within 
lymphoid follicles and follicular dendritic cells previously have 
been shown to induce activation and proliferation of CD4 + T cells 
(34). The presence of large amounts of highly infectious HIV-1 
virions on the surface of follicular dendritic cells (31, 35), as 
well as the ability of follicular dendritic cells to activate and 
induce proliferation of CD4 + T cells are likely key determi- 
nants of the concentration of HIV-1 RNA production within 
lymphoid follicles. 

We demonstrated in the present study that tetramer-stained cells 
were more concentrated in lymph node than peripheral blood, con- 
sistent with a previous study that observed higher concentrations 
olTHV-1 tetramer-stained cells m gul-associaled lymphoid tissues 
than PBMC (36, 37). However, another earlier study did not detect 
significant differences between concentrations of tetramer-stained 
cells in PBMC and peripheral lymph node cells (24). It is unclear 
whether the discrepancy in results between the previous lymph 
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node study and the present one relates to technical differences in 
how tetramer-stained cells were measured, or whether there were 
clinical differences among subjects. The present study, nonethe- 
less, adds to the literature demonstrating that HIV-l-specific 
CD8 + cells readily accumulate within lymphoid tissues of HIV- 
1 -infected individuals and provides persuasive evidence against 
the hypothesis that HIV-l-specific cells are selectively excluded 
from lymphoid tissues (38). 

It has been suggested that ongoing virus replication in untreated 
HIV- 1 -infected individuals is due to dysfunction of virus-specific 
CTL (39). Virus-specific IFN-y responses do not consistently re- 
flect cytolytic capabilities (40) and HIV-l-specific tetramer- 
stained cells demonstrate impairments of cytokine release (41) and 
cytolytic function (25). Furthermore, a failure of perforin to be 
coexpressed with granzyme A within lymphoid tissues of HIV-1- 
infected individuals has been interpreted as evidence of a cytolytic 
defect (42). In the present study, we evaluated HIV-l-specific ac- 
tivity using conventional 51 Cr release assays rather than IFN-y 
responses or immunohistochemical staining for perforin and gran- 
zyme A because, although 51 Cr release assays are substantially less 
sensitive, they definitively demonstrate cytolytic capability. We 
observed epitope- specific, concentration-dependent cytolytic ac- 
tivity in lymph node cells and PBMC from two of three subjects 
assayed at quite low tetramer-to-target cell ratios. These data are 
consistent with a previous report of cytolytic activity mediated by 
spleen and tonsil cells from two HIV- 1 -infected individuals (43). 
Collectively, these data do not support the hypothesis that HIV-l- 
specific CD8 + T cells in lymphoid tissues are grossly impaired in 
terms of cytolytic function. 

Ours is the first study to characterize the distribution of endog- 
enous HIV-l-specific CTL within lymphoid tissues. We found that 
HIV-l-specific CTL localized primarily in extrafollicular regions 
of lymph node, away from sites of virus replication, in all three 
subjects analyzed. A previous study that evaluated the spatial lo- 
calization within lymph nodes of gene-marked CTL infused into 
three HIV-1-seropositive subjects also found that they localized 
primarily in extrafollicular regions (44). suggesting that mi flicking 
of gene-marked CTL is similar to that of endogenous CTL. Al- 
though limited numbers of subjects were evaluated, the consis- 
tency of this finding in both studies strengthens the conclusion that 
HIV-l-specific CTL localize within lymphoid tissues, but fail to 
accumulate within lymphoid follicles. 

The interaction of chemokines with their cognate receptors is 
thought to be the major determinant of localization of cells within 
lymphoid tissues resulting in distinct microenvironments. The che- 
mokine receptor CCR7, which is found primarily on naive and 
central memory T lymphocytes (45), induces the migration of 
these cells from peripheral blood into lymph node and promotes 
their localization within the extrafollicular or T cell zones of 
lymph node where the CCR7 ligands, CCL19 and CCL21, are 
concentrated. Follicular ( T)4 _ T cells constitute a specialized sub- 
set of Th cells that provide critical signals to B cells through co- 
stimulatory molecules and cytokines that induce Ab class switch- 
ing and proliferation (46, 47). Migration of this specialized subset 
of CD4 + T cells into lymphoid follicles requires both up-regula- 
tion of CXCR5, the receptor for the B cell-attracting chemokine 1 
(CXCL13), as well as down-regulation of CCR7 (48). Importantly, 
few CD8 + T cells express CXCR5, suggesting differential regu- 
lation of this receptor in T cell subsets (48). We previously re- 
ported that CD8 + T cells are primarily concentrated within ex- 
trafollicular regions of lymph node in both HIV-1-seropositive and 
-seronegative individuals (17) and limited CXCR5 expression on 
CD8 + cells may explain this. Teleologically, it makes sense that 
lymphoid follicles might exclude CD8 + T cells, because they 



could interfere with the process of affinity maturation of Ab-pro- 
ducing cells. Thus, the failure of HIV-l-specific CD8 + T cells to 
localize within lymphoid tissues likely results from the normal 
biology of the lymphoid tissue microenvironment and not a spe- 
cific derangement induced by HIV-1. 

The finding that HIV-1 replication is concentrated within lym- 
phoid follicles, but that virus-specific CTL do not accumulate at 
those sites, indicates that lymphoid follicles are immune-privileged 
sites. The model of immune privilege within lymphoid follicles 
suggested by the findings of this study helps to explain why un- 
treated individuals demonstrate ongoing HIV-1 replication despite 
large numbers of functional HfV-l-specilic CTL. It also explains 
the paradox that depletion of CD8 + T cells results in dramatic 
increases in plasma viral load (4, 5), but administration of exog- 
enous CTL fails to produce significant declines in viral load (11- 
14), a paradox that cannot be explained by immune dysfunction. 
According to the model proposed here, endogenous CTL can never 
fully suppress HIV-1 replication because they do not accumulate 
in lymphoid follicles where HIV-1 replication is focused. Deple- 
tion of CD8 + T cells from lymphoid tissue allows virus replication 
to spread to extrafollicular areas where the majority of CD4 + T 
cells are located resulting in increased viral loads. The adminis- 
tration of exogenous CTL, however, fails to produce significant 
declines in virus replication because exogenous CTL are likewise 
unable to accumulate in lymphoid follicles and endogenous CTL 
are already highly effective in suppressing HIV-1 replication in the 
extrafollicular regions. This paradigm also explains why HIV-l- 
specific CD8 + T cell responses do not correlate inversely with 
plasma viral load in the present study and other studies of lym- 
phoid tissues (36, 37, 49-51), as well as the vast majority of stud- 
ies of peripheral blood (6, 8, 52-55). In this model, the correlates 
of plasma HIV-1 RNA concentration would be factors that are 
present within the follicular milieu, such as chemokine receptor 
expression on host CD4 + T cells (56) and virus replicative capac- 
ity (57), as has been observed. Because HIV-l-specific CD8 + T 
cells are largely excluded from follicles, neither their magnitude 
nor their breadth would be expected to correlate with plasma 
HIV-1 concentrations and, by inference, to disease progression. 

Several directions for future research arc suggested by the find- 
ing that HIV-l-specific CTL fail to accumulate within lymphoid 
follicles. First, the most convincing evidence that lymphoid folli- 
cles evade immune surveillance by host CTL would be to demon- 
strate that redistribution of CTL to lymphoid follicles results in 
improved virus suppression. To accomplish this, it is essential to 
better understand the mechanisms that might induce migration of 
CTL into follicles. The failure of HIV-l-specific CD8 + T cells to 
accumulate within lymphoid follicles reported in this study was 
relative, but not absolute, as some tetramer-staining cells were de- 
tected in those regions. Evaluation of chemokine receptor expres- 
sion, particularly CXCR5, on those HIV-l-specific cells that were 
detected within lymphoid follicles and comparison to the chemo- 
kine receptor expression of tetramer-staining cells outside of fol- 
licles could provide important insight into the mechanisms that 
might be involved and suggest potential strategies to redirect CTL 
into follicles. Other pathogens that infect cells that normally reside 
within lymphoid follicles may exploit the immune privilege of 
lymphoid follicles as well. Indeed, we previously reported that in 
asymptomatic individuals coinfected with Kaposi's sarcoma her- 
pes virus (KSHV) and HIV-1, KSHV latency-associated nuclear 
Ag is found primarily in lymphoid follicles (58), indicating that 
KSHV also colonizes this niche. Investigation of the relative dis- 
tribution of other chronic pathogens and pathogen-specific CTL 
within lymphoid tissues is critical to evaluate the hypothesis that 
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multiple pathogens exploit the immune privilege of lymphoid fol- 
licles. Ultimately, a better understanding of the mechanisms that 
underlie the exclusion of CTL from lymphoid follicles as well as 
the possible role of lymphoid follicles in other diseases could lead 
to novel immunotherapeutic strategies to redirect CTL to lymphoid 
follicles and improve control of HIV-l and many other seemingly 
intractable chronic infections. 
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